This article reviews the many new results from neutrino oscillation searches which were presented at ICHEP '98. Exciting indications of neutrino oscillations have been seen in the solar neutrino deficit, atmospheric neutrino deficit and LSND excess. These indications and reported limits on oscillations are considered. Attempts to develop a theory which addresses all of the neutrino oscillation data are discussed. Some of the remaining questions and the future experiments which will help answer these questions are described.
Introduction to Neutrino Oscillations
The existence of neutrino oscillations would require a significant departure from the Standard Model. Oscillations imply that lepton flavor number is not conserved. Furthermore, at least one neutrino must be massive, which requires a right-handed partner to the neutrino. There are various ways to accomodate this extension to the Standard Model. For example, one can introduce isosinglet partners ("sterile neutrinos").
At this point, if neutrinos are massive, we know that their mass is tiny. Kinematic distributions observed in weak decay can be used to place limits on the mass of outgoing neutrinos. This method has been used to obtain upper limits on the e, µ, and τ neutrinos from the decay channels listed in Tab. 1. It will be extremely difficult experimentally to measure m νµ and m ντ if these masses are at the level of, or smaller than, a few eV's. Further progress in the near future will have to come through searching for neutrino oscillations.
Neutrino Oscillation Formalism
If neutrinos have mass, it is likely that the mass eigenstates are different from the weak interaction eigenstates. In this case, the weak eigenstates can be written as mixtures of the mass eigenstates, for example: ν e = cos θ ν 1 + sin θ ν 2 ν µ = − sin θ ν 1 + cos θ ν 2 where θ is the "mixing angle." In this case, a pure flavor (weak) eigenstate born through a weak decay will oscillate into another flavor as the state propagates in space. This oscillation is due to the fact that each of the mass eigenstate components propagates with different frequencies if the masses are different, ∆m 2 = m 2 2 − m 2 1 > 0. In such a two-component model, the oscillation probability for ν µ → ν e oscillations is then given by:
Prob (ν µ → ν e ) = sin 2 2θ sin 2 1.27 ∆m 2 eV 2 L (km)
where L is the distance from the source, and E is the neutrino energy.
Most neutrino oscillation analyses consider only twogeneration mixing scenarios, but the more general case includes oscillations between all three neutrino species. This can be expressed as:
This formalism is analogous to the quark sector, where strong and weak eigenstates are not identical and the resultant mixing is described conventionally by a unitary mixing matrix. The oscillation probability is then: 2 (although only two are independent) and three different mixing angles.
Although in general there will be mixing among all three flavors of neutrinos, two-generation mixing is often assumed for simplicity. If the mass scales are quite different (m 3 >> m 2 >> m 1 for example), then the oscillation phenomena tend to decouple and the two-generation mixing model is a good approximation in limited regions. In this case, each transition can be described by a two-generation mixing equation. However, it is possible that experimental results interpreted within the twogeneration mixing formalism may indicate very different ∆m 2 scales with quite different apparent strengths for the same oscillation. This is because, as is evident from equation 2, multiple terms involving different mixing strengths and ∆m 2 values contribute to the transition probability for ν α → ν β .
Neutrino Oscillation Experiments
From equation 1, one can see that three important issues confront the designer of the ideal neutrino experiment. First, if one is searching for oscillations in the very small ∆m 2 region, then large L/E must be chosen in order to enhance the sin 2 (1.27∆m 2 L/E) term. However if L/E is too large in comparison to ∆m 2 , then oscillations occur rapidly. Because experiments have finite resolution on L and E, and a spread in beam energies, the sin 2 (1.27∆m 2 L/E) averages to 1/2 when ∆m 2 ≫ L/E and one loses sensitivity to ∆m 2 . Finally, because the probability is directly proportional to sin 2 2θ, if the mixing angle is small, then high statistics are required to observe an oscillation signal.
There are two types of oscillation searches: "disappearance" and "appearance." To be simplistic, consider a pure source of neutrinos of type x. In a disappearance experiment, one looks for a deficit in the expected flux of ν x . Appearance experiments search for ν x → ν y by directly observing interactions of neutrinos of type y. The case for oscillations is most persuasive if the deficit or excess has the (L/E) dependence predicted by the neutrino oscillation formula (equation 1).
Let us say that a hypothetical perfect neutrino oscillation experiment sees no oscillation signal, based on N events. The experimentors can rule out the probability for oscillations at some confidence level. A typical choice of confidence level is 90%, so in this case, the limiting probability is P = 1.28 √ N /N . There is only one measurement and there are two unknowns, so this translates to an excluded region within ∆m 2 -sin 2 2θ space. As shown in Fig. 1 , this is indicated by a solid line, with the excluded region on the right. At high ∆m 2 , the limit on sin 2 2θ is driven by the experimental statistics. The L and E of the experiment drive the low ∆m 2 limit. The imperfections of a real experiment affect the limits which can be set. Systematic uncertainties in the efficiencies and backgrounds reduce the sensitivity of a given experiment. Background sources introduce multiple flavors of neutrinos in the beam. Misidentification of the interacting neutrino flavor in the detector can mimic oscillation signatures. In addition, systematic uncertainties in the relative acceptance versus distance and energy need to be understood and included in the analysis of the data. These systematics are included in the 90% CL excluded regions presented by the experiments in this paper.
The most convincing signature for oscillations is a statistically and systematically significant signal (as opposed to deficit) with the dependence on L and E as predicted for oscillations. This has not yet been observed. Deficits have been observed in the expected rate of two neutrino sources: solar and atmospheric. A signal has been been observed by the LSND experiment, but it is not at 5σ significance and the L and E dependence has not yet been clearly demonstrated.
Indications of neutrino oscillations appear as allowed regions, indicated by shaded areas (see example in Fig. 1 ), on plots of ∆m 2 vs. sin 2 2θ.
Small Statistics Experiments with Background
Care must be taken when comparing excluded and allowed regions near the boundaries. First, one should remember that a 90% CL exclusion limit means that if a signal were in this region, 10% of the time it would not be seen. Second, there is no consensus within the physics community on the method for determining allowed regions and limits. Although in most cases, the deviations of the different methods are small, there are cases for which the disagreements are significant. As an example, consider Fig. 2 , from Ref. 4 . The details of the experimental results presented in this plot will be considered later. At this point, the reader should consider the shaded area to be an allowed region from an oscillation experiment (LSND) and the curves to represent the different statistical interpretations of 90% exclusion regions of the same set of experimental data (KARMEN 2). In a hypothetical analysis, take µ to be the expected signal and b to be the average expected background, and n = µ + b to be the total number of expected events. The experiment will observe some number of events, n obs , which is not necessary equal to n. How is the measurement, n obs , related to an estimate of µ, the true signal? In other words, what can n obs tell us about the underlying physics?
In principle, the method is straightforward. We can construct two curves, n 1 (µ, α) and n 2 (µ, α) such that the probability for n to be between n 1 and n 2 is α. Typically, α is chosen to be 90%. For small statistics, a Poisson probability distribution is used. We then invert the relationship, obtaining the functions µ 1 (n, α) and µ 2 (n, α). Thus, n obs implies that the signal, µ, lies somewhere between µ 1 (n obs , α) and µ 2 (n obs , α) with probability α. In practice, the construction of n 1 (µ, α) and n 2 (µ, α) can be done in various ways, and this forms the heart of this controversy.
The method which has been accepted in the past, and was previously endorsed by the Particle Data Group, 2 has an inherent inconsistency, as pointed out by Feldman and Cousins. 3 In this method, n 1 is chosen such that n < n 1 (µ, α) with probability (1 − α)/2 and n 2 is chosen such that n > n 2 (µ, α) with probability (1− α)/2. This gives you a central confidence interval based on a two sided Gaussian distribution in the case of a signal. But in the case of a limit, you have only a one sided confidence interval with n < n 1 (µ, α) with probability (1−α). Thus your treatment of the data "flip-flops," to use the terminology of Feldman-Cousins, depending on whether you are setting a limit or determining a signal region.
Feldman-Cousins developed a new method which is now adopted by the Particle Data Group, called "The Unified Approach."
In this approach, you order the n possibilities by the function R(n) = Prob(n|µb)/Prob(n|µ best b) where µ best (n) = µ with maximum probability for n and b. The technique is to first order the R(n)'s from largest to smallest (thus the method is based on "likelihood ordering"), then sum the R(n) values until you reach Prob= α.
This Unified Approach has good features and drawbacks. By design, there is now a smooth transition between limits and signals -no more flip-flopping. But, if an experiment sees a number of events smaller than background, then this method sets a stringent upper bound on µ, not because of sensitivity to small signals but because of the fact that too few background events are observed.
Feldman-Cousins recognized this problem in their paper 3 and raised the questions: "Why should an experiment claim credit for expected backgrounds when it is clear, in that particular experiment, there were none? Or why should a well-designed experiment which has no background and observes no events be forced to report a higher upper limit than a less well-designed experi- ment which expects backgrounds, but, by chance, observes none?" The Feldman-Cousins prescription for this quandary is that an experiment which sees a low background fluctuation quote both the limit and the experimental sensitivity, where "sensitivity" is defined as the average expected limit if an experiment with no true signal, only background, were performed many times. This lets readers draw conclusions based their own personal opinion of what is acceptable.
In a recent paper, 4 Giunti proposes a new method of ordering classical confidence intervals which guarantees a smooth transition from the limit to signal region while resulting in a weaker improvement in confidence level for the case where the background fluctuates low. In this case, µ best (n) is replaced by µ ref (n) = Comparison of the two methods demonstrates the relative stability of the limit with background fluctuations. Consider Fig. 2 , which addresses an experiment in which 2.88 ± 0.013 background events are expected and zero events are observed. The two recent methods calculate very similar sensitivities of the experiment, as indicated by the open symbols. The Unified Approach (Feldman-Cousins) experimental sensitivity is 4.4 events while the New Ordering Approach (Giunti) sensitivity is 4.9 events. The limits are radically differ-ent, however. The Unified Approach sets the limit as µ 90%CL = 1.1 events, which is better than the sensitivity by better than a factor of four. The New Ordering Approach sets a limit at 1.9 events. This is not far from the sensitivity.
A more conservative alternative is to use a Bayesian approach. Arguably, if less background is observed than expected, then one may be overestimating the background. Therefore one should set a limit assuming that n obs = b, in this case, zero. Therefore this method sets the limit at 2.3 events, as shown on Fig. 2 .
In summary, there is disagreement about how to handle data in the case of background plus a small expected signal. If an experiment sees the expected background, then the differences in the statistical methods are relatively small, but when the background fluctuates low there can be significant differences in limits. The reader should be skeptical of strong conclusions drawn in cases of small statistics. The goal now should be high statistics, low systematics experiments designed to address the hints for oscillations which have been observed.
Experiments Reporting Evidence for Oscillations
Three different sources of neutrinos have shown deviations from the expectation, consistent with oscillations. The first, called the "Solar Neutrino Deficit," is a low rate of observed ν e 's from the sun. The data are consistent with ∆m 2 ∼ 10 −10 eV 2 or ∆m 2 ∼ 10 −5 eV 2 , depending on the theoretical interpretation. The second, called the "Atmospheric Neutrino Deficit," refers to neutrinos produced by decays of mesons from cosmic ray interactions in the atmosphere. An observed anomalously low ratio of ν µ /ν e can be interpreted as oscillations with ∆m 2 ∼ 10 −3 eV 2 . The third observation is an excess of ν e events in a ν µ beam by the LSND experiment, with ∆m 2 ∼ 10 −1 eV 2 . Fig. 3 summarizes the allowed regions from these results. In this section each case is considered in detail.
The Solar Neutrino Deficit
As shown in Fig. 4 , three different types of experiments have observed fewer neutrinos from the sun than expected from the Standard Solar Model (SSM). 5 The first observation of this ν e deficit was made using a Cl target in the Homestake mine by Davis and collaborators. Four additional experiments have confirmed these observations. The GALLEX and SAGE experiments search for electron neutrino interactions in a Ga target. 7 The Kamiokande and Super Kamiokande ("Super K") experiments observe ν e + e → ν e + e reactions in water. 8 The gallium and water target experiments indicate a deficit The solar data have been gathered over an extended period of time and many systematic checks on efficiencies and calibrations have been performed. For example, the Super K experiment has installed a LINAC at the detector for in situ calibration from 5 to 16 MeV. As a second example, the GALLEX experiment, which presented final results at this conference, doped their detector with 71 As, which decays to the signature 71 Ge. Recovery was measured to be 99.8±0.8%. This is one of many source tests performed by the GALLEX group and described at this conference.
Each type of solar experiment has a different energy threshold for observing ν e interactions, and thus is sen- 8 B neutrinos. Recently, however, it has been pointed out that the hep flux is not well constrained and could be twenty times larger than past models have predicted. 9 With this increase, the hep neutrinos still remain a small component of the Super K flux, but the expected neutrino energy distribution changes slightly. The effect of this shift is discussed below.
Two important theoretical issues related to the solar neutrino fluxes are the fusion cross sections and the temperature of the solar interior. Consensus is developing on the systematic uncertainties associated with the dominant solar fusion cross sections. A recent comprehensive analysis 10 of the available information on nuclear fusion cross sections important to solar processes provides the best values along with estimated uncertainties. These are included in the uncertainty in the SSM value for the ratio of data to prediction shown in Fig. 4 . The flux of neutrinos from certain processes, particularly 8 B, depends strongly upon temperature. Recent results in helioseismology have provided an important test of the SSM.
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The sun is a resonant cavity, with oscillation frequencies dependent upon U = P/ρ, the ratio of pressure to density. Helioseismological data confirm the SSM prediction of U to better than 0.1%. 12 Helioseismological data are not included in the data used to determine the SSM, therefore this is an entirely independent cross-check of the model. The systematic error associated with temperature dependence is included in the theoretical error on the SSM prediction.
Interpreting the deficit of solar neutrinos as a signal for oscillations, one calculates the vacuum oscillation probability using equation 1, as shown in Fig. 6 . Vacuum oscillations are often referred to as the "Just So Hypothesis" because this theory assumes that the position of the earth from the sun is at a distance which is an oscillation maximum. The energy of the neutrinos (only a few MeV) combined with the long path length from the sun to the earth (∼ 10 11 m) results in allowed regions of ∆m 2 which are very low (∆m 2 ∼ 10 −10 eV 2 ). In Fig. 6 , an analysis of the overall fluxes 13 is compared to the recent energy spectrum analysis from Super K, showing that the overlap of these two analyses is limited. Increasing the hep neutrino flux, as discussed above, modestly improves the agreement between overall flux and energy spectrum data.
9
An alternative oscillation scenario, referred to as the MSW (Mikheyev-Smirnov-Wolfenstein) solution, 14 includes "matter effects." These effects occur because at low energies, the electron neutrino has both charged-and neutral-current elastic scattering with electrons, while the ν µ and ν τ experience only neutral-current scattering. The additional ν e interactions introduce a phase shift as the mass state, which is a combination of flavor eigenstates, propagates. This leads to an increase in the oscillation probability:
and N e is the electron density. In a vacuum, where N e = 0, this reduces to equation 1. But within the sun, where the electron density varies rapidly, "MSW resonances," or large enhancements of the oscillation probability can occur. It is also possible to have matter effects occur as neutrinos travel through the earth. For this reason, Super K has searched for a "day-night effect" -a difference in interaction rate at night due to the MSW effect in the earth's core.
Results of a combined analysis of the solar neutrino data within the MSW framework are shown in Fig. 7 . Allowed regions are indicated by the two solid areas, which are referred to as the small mixing angle (SMA) solution and large mixing angle (LMA) solution. Super K has seen no evidence of a day-night effect. As a result, a region indicated by the hatched area can be excluded at 90% CL. For more information, see the contribution by M. Vagins in these proceedings.
The recent data have been compared to the SSM in a global analysis by Bahcall, Krastev and Smirnov. 15 The MSW SMA solution provided the best fit, with ∆m 2 = 5 × 10 −6 eV 2 and sin 2 2θ = 5.5 × 10 −3 . The confidence level of the fit was 7%. The confidence level for the LMA solution was ∼ 1%. The Just-So solution gave a best fit of ∆m 2 = 6.5 × 10 −11 eV 2 and sin 2 2θ = 0.75, with a 6% CL. Increasing the hep neutrino flux by a factor of 20 above the SSM improves the confidence level of all of these fits. 9 The SMA solution increases to ∼20%, the LMA solution to ∼5% and the "Just-So" to ∼15%. Although the confidence levels of the fits are relatively low, all three solutions are still possible.
The confidence level of fits which do not include oscillations is very low. The data are inconsistent with the SSM-without-oscillations at the 10σ level. If one allows the flux from each neutrino source to have an arbitrary normalization, fits can be obtained which are inconsistent at only the 3.5σ level, but are excluded by the helioseismology measurements. Therefore, oscillations appear to be the best explanation for the solar neutrino deficit.
The Atmospheric Neutrino Deficit
Neutrinos may be produced in the upper atmosphere. They result from cosmic rays colliding with atmospheric nucleons, producing mostly pions which then decay into muons and muon-neutrinos. The resulting muons may also decay, producing a muon-and an electron-flavored neutrino. Thus, this decay chain is expected to produce a two-to-one ratio for ν µ to ν e .
Atmospheric neutrinos have been detected through their charged-current interactions in detectors on the earth's surface. The sensitivity of these detectors to electrons and muons varies over the observed energy range. For example, electron events are mostly contained in the detector, while muon events have longer range and escape the detector at higher energies. Therefore, the results are Figure 9 : Disappearance of νµ due to oscillations as a function of cosine of zenith angle for three regions of ∆m 2 . Resolution of the experiments and limitations of statistics smooth rapid oscillations such that the data will tend to look like the points often divided into sub-GeV (contained) and multi-GeV (partially-contained) samples.
The observed ratio of muon to electron neutrino events divided by the ratio of events calculated in a Monte Carlo simulation (R = (ν µ /ν e ) data /(ν µ /ν e ) MC ) for nine atmospheric neutrino analyses is reported in Fig. 8 . The newest results are reported in these proceedings by H. Gallagher for Soudan and C. McGrew and M. Takita for Super K. Within statistics, all experiments are consistent with R ∼ 60%. This deviation from the expected ratio of one is called the "Atmospheric Neutrino Deficit."
If the atmospheric neutrino deficit is due to neutrino oscillations, then one would expect a change in R as a function of neutrino path length. Neutrinos which are produced in interactions directly above the detector, called "downward-going," traverse L ∼ 10km. Neutrinos which are produced on the opposite side of the earth, called "upward-going," travel L ∼ 10, 000km. Traditionally, the path of the neutrino is described by cos θ z , where θ z is the zenith angle measured from directly above the detector. It should be noted that the actual path length, L, is rapidly changing with cos θ z . As an example, the R dependence vs. cos θ z for oscillations of 1 GeV ν µ 's which are "disappearing" is shown in Fig. 9 for low, medium and high ∆m 2 values. At very low ∆m 2 , the probability for oscillation is low, even for very long path lengths, so R will be consistent with one. At very high ∆m 2 , even the neutrinos from above have had the opportunity to oscillate. The actual measurement will not resolve the rapid oscillations because of finite bin sizes, resolution of the detector, interaction physics and because the neutrinos produced in collisions in the atmosphere are not mono-energetic. The points on Fig. 9 are meant to indicate what might be measured for the three ∆m 2 cases. A typical experiment would be unable to resolve rapid oscillations. This makes interpretation of the data, particularly in the moderate ∆m 2 region, difficult. In 1994, the Kamiokande group reported a zenith angle dependence of R. 16 Comparing the Kamioka results shown in Fig. 10 to the expectations in Fig. 9 , the data appear to be consistent with expectations for moderate ∆m 2 . The best fit for ν µ → ν τ oscillations is ∆m 2 = 1.6 × 10 −2 eV 2 . The zenith angle dependence has been confirmed by recent data from Super K, as reported by C. McGrew, in these proceedings. The analysis is performed separately on sub-GeV (p < 1.3 GeV) and multi-GeV (p > 1.3 GeV) data samples. The sub-GeV are fully contained (FC) within the Super K detector while some the multiGeV events are only partially contained (PC). Electronlike (ν e scattering) candidates and muon-like (ν µ scattering) candidates are presented as a function of cos θ z in Fig. 11 (points) . The shaded region indicates the predicted flux of neutrinos without oscillations. There is a further ∼ 20% normalization uncertainty associated with the flux which is reduced to ∼ 5% when the ratio, R, is taken. The dashed line, which is labled ν µ → ν τ for ∆m 2 = 0.0022eV 2 , shows that a good fit (χ 2 /DOF=65.2/67) is achievable with an oscillation hypothesis. Looking at the "e-like" data, one should note Table 3 : ∆m 2 from cos θz dependence of atmospheric neutrino experiments using the νµ → ντ oscillation hypothesis. Results that do not have a "best fit" quoted by the experiment are listed with the ∆m 2 which is described as "consistent with" the data. Under "references," listed names refer to contributions to these proceedings. All data but Kamiokande are preliminary. McGrew, Takita
Experiment
Super K up-going µ consistent with 2.5 × 10 that there appears to be a small excess in the lowest cos θ z bin. Various authors have pointed out that this allows the Super K data to accommodate some ν µ → ν e at low ∆m 2 , as discussed in section 4 below. The ratioof-ratios, R, for the sub-and multi-GeV data is shown in Fig. 12 . Comparing these results to the expectations in Fig. 9 , the data are again consistent with oscillations at moderate ∆m 2 .
The Soudan Experiment has observed a similar zenith angle dependence (see contribution by H. Gallager). The Soudan detector is a 1 kton fine-grained tracking calorimeter. While this experiment has the drawback of lower statistics than Super K experiment, it has the advantage of the capability to observe the recoil proton in the neutrino interaction. This substantially improves the resolution on θ z , the angle of the incoming neutrino. At Super K, where only the final state lepton is observed, the average angle between the final state lepton direction and the incoming neutrino direction is 55
• at p = 400 MeV/c and 20
• at 1.5 GeV/c. 17 Using the reconstructed final state particles and the outgoing lepton, the resolution on θ z for Soudan is 23
• for the 200-400 MeV data and 8
• for the > 600 MeV data. Neutrinos which travel through the earth may interact in the matter under the detectors. MACRO, Super K and Kamiokande 18 have measured the upward-going muons from these neutrino interactions. All of these experiments see rates below that which is expected and an angular dependence which is consistent with oscillations. In this case, a ratio to ν e events cannot be used to reduce sensitivity to uncertainties in the ν µ flux. However, comparisons are made to a wide range for flux models and the ratio has been found to be low in all cases. For example, the MACRO experiment has measured a ratio of data to Monte Carlo of 0.74±0.036(stat)±0.046(sys)±0.013(th), which includes the systematic error on the flux calculation. The cos θ z < 0 distribution, as reported by D. Michael at ICHEP '98, is consistent with an oscillation hypothesis at moderate ∆m 2 . As reported in the same talk, MACRO can also measure upward-going ν µ interactions within the detector; a deficit in this data, consistent with oscillations, is also observed. Fig. 13 summarizes the analyses of these experiments under the oscillation hypothesis. Although much attention has been focussed on the fact that the ∆m 2 range of Super K extends into the range of 10 −4 eV 2 , it should be noted that 1) the Super K best fit is consistent with the other results and 2) the Super K R analysis integrated over zenith angle dependence overlaps with the R vs. cos θ z analysis only at the top of the ∆m 2 range. Tab. 3 summarizes ∆m 2 for the hypothesis that the atmospheric neutrino deficit is entirely explained by ν µ → ν τ oscillations. All results are consistent with this oscillation hypothesis. Experiments quote either a "best fit" or a "consistent" ∆m 2 value, as noted. As will be noted again in the section on Theoretical Interpretation, the best fits with no sin 2 2θ < 1 constraint for Super K, Kamiokande and MACRO are all marginally in the unphysical regions, with sin 2 2θ of 1.35, 1.05 and >1.0, respectively. Taken as a whole, the results are consistent with oscillations ∆m 2 ∼ 2.5 × 10 −3 eV 2 and sin 2 2θ ∼ 1. For a global analysis of the data from the atmospheric neutrino experiments, see the contribution from Gonzalez-Garcia in these proceedings.
The LSND Signal
The LSND hint for neutrino oscillations is the only indication for oscillations which is a signal, as opposed to a deficit. Evidence has been seen for bothν µ →ν e and ν µ → ν e oscillations. In 1995 the LSND experiment published data showing candidate events that were consistent withν µ →ν e oscillations. 19 Additional event excesses were published in 1996 and 1998 for bothν µ →ν e oscillations 20 and ν µ → ν e oscillations. 21 The two oscillation searches are complementary, having different backgrounds and systematics, yet yielding consistent results.
The experiment is described in the parallel session contribution to these proceedings by R. Imlay. This is the only oscillation signature observed from an accelerator experiment, in this case a beam produced at LANCE at LANL, with 800 MeV energy protons interacting with a water target, a close-packed high-Z target and a watercooled Cu beam dump.
For the decay-at-rest (DAR) analysis (ν µ → ν e ), the beam is produced by π + 's which stop and decay in the beam dump, producing muons which then decay to produce ν µ 's. The signature for oscillations is aν e interaction (ν e p → e + n), yielding a positron signal, followed by np → dγ, where the 2.2 MeV γ is detected. A comparison of the energy dependence of the the observed ν e events and the non-beam background indicates a "Fitted Excess" of events as shown in Tab. 4. Comparing this "Fitted Excess" to the expected ν e beam background then yields a "Total Excess" for the decay-at-rest analysis, summarized in Tab. 4, and shown by the allowed regions in Fig. 14 The ν µ 's in the beam from pion decay-in-flight (DIF) are also used to probe oscillations by the LSND experiment. The signature for ν µ → ν e oscillations is an electron from the reaction ν e C → e − X in the energy range 60 < E e < 200 MeV. The excess events are consistent with ν µ → ν e oscillations with an oscillation probability of (0.26 ± 0.10 ± 0.05)%. A fit to the event distributions yields the allowed region in the (sin 2 2θ, ∆m 2 ) parameter space shown in Fig. 15 (between the solid lines) , which is consistent with the allowed region from theν µ →ν e search (dotted lines).
In principle, when discussing signals and limits below,ν µ →ν e should be considered separately from ν µ → ν e to allow for possible CP violation. However, due to the good agreement between the the DAR (ν µ →ν e ) and DIF (ν µ → ν e ) data from LSND, and the lack of any other evidence for CP violation in neutrino oscillations, the two cases will be considered together below under the heading "ν µ → ν e ." 
Experiments Which Set Limits on Oscillations
Many experiments have searched for neutrino oscillations and seen no signal. Tab. 5 provides a list of the exclusion experiments whose results appear in this section. Results from CCFR/NuTeV, Nomad, CHORUS and KARMEN 2 are reviewed in these proceedings by R. Drucker, D. Autiero, P. Migliozzi and J. Kleinfeller, respectively.
Limits on ν µ ↔ ν e oscillations
In principle, all three indications of oscillations can be interpreted as ν µ ↔ ν e . If the solar deficit is due to oscillations, it is entirely ν e → ν X , where ν X may be ν µ (or ν τ , as discussed later). Because of the very low ∆m 2 associated with all models for solar neutrino oscillations, no terrestrial neutrino experiment has been able to directly test the ν e → ν µ hypothesis. The atmospheric deficit appears to be largely ν µ → ν X , where ν X could be ν e . However, this is regarded as unlikely for two reasons. First, the Super K fits to the combination of "e-like" (ν e candidate) and "µ-like" (ν µ candidate) events give a poor χ 2 /DOF of 87.8/67 for describing the data as entirely ν µ ↔ ν e (see contribution by McGrew, these proceedings). Furthermore, the reactor experiments, Bugey and CHOOZ, 24 which search for ν e disappearance, have excluded nearly all of the allowed region for atmospheric ν µ ↔ ν e . The 90% exclusion regions from these experiments are indicated on Fig. 16 LSND is required to bē ν µ →ν e , because it is an observed signal. This signal is the most amenable to systematic study at accelerators due to the larger ∆m 2 values involved: > 0.1 eV 2 compared to 10 −2 − 10 −3 eV 2 for the atmospheric neutrino problem and 10 −4 −10 −5 eV 2 for the solar neutrino problem. Thus in studying the LSND signal, detectors can be placed much closer to the neutrino source and higher energy neutrino beams can be used. The high ∆m 2 region has been excluded by the Nomad (preliminary) and CCFR results. 25 Therefore, interest is now focussed on the ∆m 2 = 0.1 to 1.0 eV 2 region.
The KARMEN experiment 26 is complementary to LSND, running at the ISIS facility in Rutherford, England, with a neutrino source produced by pion decay-atrest. The detector is smaller than LSND and the beam is less intense than at LANCE, resulting in lower statistics than LSND by ∼ ×10. The KARMEN 1 experiment took data through 1995.
KARMEN 1 observed an excess of approximately seven events, which is in agreement with predictions based on the LSND central values at low ∆m 2 . 26 The measured KARMEN 1 excess, as a function of ∆m 2 , is shown in Fig. 17 . The shaded band showing the error associated with the measurement indicates that the excess is only at the 1σ level. However, the overall excess is in agreement with the central allowed value of LSND at low ∆m 2 . The LSND prediction is indicated by the labeled line in Fig. 17 . In the region of ∆m 2 < 1 eV 2 , the LSND central prediction of 4 events is in good agreement with the observed excess of 7 events. Because of the low significance of the excess, KARMEN collaboration prefers to quote a limit for their first-run result, with the number of events set by the "90% exclusion" line shown in Fig. 17. The KARMEN 1 limit appears in Fig. 16 . As reported at this conference (see contribution by J. Kleinfeller), the second run of the KARMEN experiment (KARMEN 2) is in progress. Due to upgraded shielding, the cosmic ray background has been significantly reduced. At this point, ∼ 40% of the data have been collected. The background expected for this running period is 3 events, and a typical signal for the ∆m 2 < 1 eV 2 region is 1 event, if LSND is correct. The total number of events observed during this period (combined signal and background) is zero (which has a 5.6% probability of occurring as a statistical fluctuation).
The quandary associated with the treatment of data in this situation has already been discussed above in section 1. The limit which can be set in the situation where an experiment fails to see the expected background will be better than the actual experimental sensitivity, that is, the expectation if the background had been observed. At this point, the situation for ν µ ↔ ν e oscillations in the LSND region can be summarized in the following manner. Three results show excesses:
• 33.9 ± 8.0 events (LSND Decay-at-rest, ν µ → ν e )
• 18.1 ± 6.6 (LSND Decay-in-flight, ν µ → ν e )
• 7.3 ± 7.0 (KARMEN 1 Decay-at-rest, ν µ → ν e ) One experiment (KARMEN 2) which expected 3 events background, plus one event signal, has observed zero total events. 
Limits on ν µ ↔ ν τ oscillations
The CHORUS and NOMAD experiments 27 explore the high ∆m 2 ν µ ↔ ν τ oscillation region, where one may expect a signature from neutrinos which contribute to "dark matter" in the universe. Recent astrophysical data has indicated that some of the dark matter may be "hot." One candidate for hot dark matter is massive neutrinos. Present data can accomodate Ω = 0.1 ∼ 0.4 with Ω HDM < 0.2, as reviewed by B. Kayser at this conference. Massive neutrinos may be an important component of the dark matter in the universe since the density of relic neutrinos from the Big Bang is ∼100 ν's/cm 3 /type. Neutrinos in the mass range of 1 ∼ 6 eV could help to explain the small scale structure in the universe and recent anisotropy measurements of the photon background radiation 28 . If one assumes that the heaviest neutrino is much more massive than the rest, then the astrophysical data indicate that the region of interest for searches is approximately 1 < ∆m 2 < 36 eV 2 .
NOMAD and CHORUS share a high-intensity ν µ beam produced at CERN. The neutrino energies range from 10 ∼ 40 GeV. Theν µ contamination in this beam is only ∼ 5%. The prompt ν τ contamination is (3 ± 4) × 10 −6 . The CHORUS experiment uses an 800 kg emulsion target which provides < 1µm spatial resolution. Thus this experiment can identify ν τ charged current interactions by seeing the τ decay in the emulsion after a few tenths of a millimeter, producing a kink in the track. Automatic emulsion scanning systems have been developed to handle the large quantities of data (∼ 300, 000 events). The emulsion target is followed by a magnetic spectrometer, calorimeter and muon spectrometer allowing momentum reconstruction and particle identification in each event.
NOMAD is a fine-grained electronic detector composed of a large aperture dipole magnet (3m × 3m × 7m with B = 0.4 T) filled with drift chambers that act as both the target and tracking medium. The experiment uses kinematic cuts associated with the missing energy from outgoing ν's in the τ decay to separate statistically a possible oscillation signal.
CHORUS and NOMAD experiments have sensitivity to oscillations with ∆m 2 > 1 eV 2 . Preliminary negative search results are reported for approximately sin 2 2θ > 2×10 −3 , as shown in Fig. 18 . Because no signal has been observed in these experiments, the possibility that massive neutrinos are dark matter is becoming more unlikely. However, it remains possible that the mixing is very small; thus the possibility is not entirely ruled out.
Among the hints for oscillations discussed previously, only the atmospheric neutrino deficit may result from ν µ ↔ ν τ oscillations. The ∆m 2 reach of the present experiments does not cover the atmospheric allowed region. The lowest limit, ∆m 2 ∼ 0.3 eV 2 is from the CDHS experiment. 29 
Limits on ν e ↔ ν τ oscillations
Naively, ν e → ν τ oscillations appear least likely, because this skips the second generation. However, this oscillation does appear in some models, as discussed in section 4. The one hint which can be interpreted as such an oscillation is the solar neutrino deficit. In addition, one or more of the neutrinos may represent a fraction of the dark matter in the universe. If there is a mass difference between the neutrinos, this might manifest itself through ν e → ν τ oscillations at relatively high ∆m 2 . The excluded regions for ν e → ν τ are shown in Fig. 19 , along with the solar allowed region. Recent searches from NOMAD and CCFR have addressed high ∆m 2 's, while the reactor experiments have explored down to 10 −3 eV 2 . The terrestrial experiments remain a few orders of magnitude away from addressing the solar ν e → ν τ hypothesis.
Theoretical Interpretation of the Data
When comparing the evidence for oscillations with the excluded regions, we are faced with theoretical problems with both the suggested ∆m , leading to only two apparent ∆m 2 regions. Furthermore, one must address the very large mixing in the neutrino sector compared to the quark sector. For the atmospheric data there is no solution at 90% CL with sin 2 2θ less than approximately 0.6.
The problem has been attacked in several ways. Several possibilities are presented in these proceedings by B. Kayser, M. Gonzalez-Garcia, S. Nandi, and P. Roy. Some phenomenologists choose to admit complications in the simplistic three generation mixing model. Others prefer to introduce a sterile neutrino. Some like to throw out the data which they like the least. The first two options merit further explanation.
Three Generation Mixing Models
If three generation mixing is to explain all of the data, then one of the following must be true:
• ∆m The first two possibilities are difficult to accommodate. As shown in Fig. 3 , the three allowed regions are well separated, although one should keep in mind that these plots show only 1.3σ regions. The third possibility is now under exploration and will be considered here.
With three generations of neutrinos, one would expect a more complicated oscillation phenomenology that includes transitions between all pairs. In this case, an experiment which observes ν µ disappearance, like Super K, may be seeing a combination of ν µ → ν τ and ν µ → ν e . If one then takes the data and analyzes it in terms of only one scenario, for example only ν µ → ν τ , then one will extract a ∆m 2 which is some convolution of the two real ∆m 2 regions. It is interesting to note that this could also lead to a best fit for sin 2 2θ which is greater than one, as has been observed by the atmospheric experiments.
For this to be an acceptable hypothesis, the Super K data must accommodate ν µ → ν e oscillations at low ∆m 2 . As shown in Fig. 9 , low ∆m 2 oscillations will only be apparent in the most negative cos θ z bins. The Super K data, shown in Fig. 11 may see an excess in the lowest cos θ z bin of the "e-like" data. Therefore, it may be possible to fit the Super-K data with an admixture of of ν µ → ν τ and ν µ → ν e .
As an example, Thun and McKee have presented 30 an explanation for the data assuming three generation mixing with ∆m atmospheric data -Using ∆m 2 2 = 3 × 10 −4 eV 2 for an example, this model predicts the ratio-of-ratios for the atmospheric data to be 0.72, which is consistent with the experimental average of ∼ 0.6 ± 0.1. As shown in Fig. 20 , the model fits the cos θ z dependence of the Super K R reasonably well for the quoted range of ∆m 2 2 , although the normalization appears to be low. This fit would improve if the higher ∆m 2 value were chosen to be 0.2 eV 2 , leading to a shift upward in the overall normalization. LSND data -The choice of ∆m 2 = 0.4 eV 2 and sin 2 2θ ef f = 0.026 for LSND is within the allowed region, although extremely close to the Bugey 90% CL limit. These parameters indicate that the KARMEN 1 experiment would see 3 event excess, which is consistent with the measured 7 event excess. For the total KARMEN 2 running, this model predicts a 2 event excess, hence to date less than 1 event is expected. At this point, KARMEN 2 has failed to observe either an excess or the expected three background events (see section 3).
There is no quoted overall χ 2 for the Thun and Mckee (nor any other) three-generation model.
It is important to recognize that Thun and McKee have not fit the data. They have simply chosen a set of parameters and demonstrated that it is possible to develop a model which fits much of the experimental data. Other models of three generation mixing have also been developed based on a clever choice of parameters which also come close to fitting all of the data.
32 In every case, there are experimental issues which make the choice of parameters uncomfortable. A global analysis, which incorporates all of the data including systematic errors and correlations, similar to the fits done to obtain the electroweak parameters, is needed.
Sterile Neutrinos
The second option for fitting the experimental data is to introduce a sterile neutrino. The sterile neutrino ν s does not interact through the weak interaction because it is postulated to be an isosinglet partner to the "standard light neutrinos." Thus oscillations between a ν e , ν µ or ν τ and a ν s would cause the standard neutrino to apparently disappear. Obviously sterile neutrinos can only be invoked for cases where a deficit (as opposed to a signal) are observed. So sterile neutrinos may provide the explanation for the atmospheric or solar deficits, but LSND is required to be ν µ → ν e .
Sterile neutrinos were first proposed as an explanation for the solar deficit by Caldwell and Mohapatra 33 in 1993. A more recent example is the model by Barger, Weiler and Whisnant. 34 In this picture, the solar deficit is explained by ν e → ν s oscillations. The atmospheric deficit is ν µ → ν τ .
Alternatively, the atmospheric result may be largely ν µ → ν s , as suggested by Joshipura and Smirnov 35 . The solar data can then be explained as a combination of ν e → ν τ and ν e → ν s .
The sterile neutrino has several nice features. By adding an extra degree of freedom (the mass of the ν s ) to the theory, one can comfortably fit all of the data. The ν s provides an isosinglet for grand unified theories, however the apparent light mass of the ν s presents difficulties. The extremely large apparent mixing angles can be explained by arguing that the ν e ↔ ν µ ↔ ν τ mixings are comparable to the quark sector while mixing to ν s is large. Finally, the ν s is a candidate for hot dark matter.
Future Experiments
The existing indications of neutrino oscillations raise many questions for future experiments to address. Many new experiments are proposed to address the issues which have been raised by the present data. This section provides an overview of some of the exciting results which can be expected in the near future.
Future Tests of Solar Neutrino Oscillations
The issues related to the solar neutrino deficit are:
• Can we see the L/E dependence which will clearly demonstrate neutrino oscillations?
• Is this ν e → ν µ , ν τ or ν s (or some combination)?
• What is the ∆m 2 ? Is MSW or Just-So the right explanation?
• If the solution is MSW, is it the small or large angle solution?
• Is there any room for doubting the Standard Solar Model?
In order to address the L/E dependence, a wide range of experiments with varying energy thresholds is needed. Tab. 6 provides a summary of the upcoming solar experiments which were presented at ICHEP'98 (see contributions by C. Waltham, M. Chen, T. Patzak, D. Vignaud and Y.F. Wang, these proceedings). As can be seen from the Tab. 6 these and other proposed future experiments will cover energies ranging upward from 0.05 MeV, permitting tests of the L/E dependence.
The BOREXINO experiment 36 is sensitive to neutrinos from the 7 Be + e − → 7 Li + ν e interaction, which is a delta function in the flux distribution, as shown on Fig. 5 . Therefore, this experiment will be highly sensitive to seasonal variations in L, the earth-sun distance, if the "Just So" solution is correct.
The SNO experiment 37 will test the hypothesis for sterile neutrino solar oscillations. This experiment observes neutral current (NC) interactions for all three standard neutrinos and charged current (CC) ν e interactions. Sterile neutrinos will not have neutral current interactions. Therefore the ratio of NC to CC interaction is not affected by theoretical errors from the Standard Solar Models. This experiment will be located in the Kamiokande cavern and will make use of neutrinos from five reactor sites, resulting in L ∼ 160 km. This experiment is sensitive only to the LMA MSW solution.
In the far future, an interesting test of LMA MSW ν e → ν τ and ν e → ν µ oscillations may be made by the first stage of the muon collider. A muon storage ring would provide an intense beam of ν e 's (and ν µ 's) from muon decays. Using a 50 GeV storage ring and beams directed from the US to Italy and Japan, single event sensitivity covers the upper region of the LMA solution. 39 
Future Tests of Atmospheric Neutrino Oscillations
The issues related to the atmospheric neutrino deficit are:
• Can we see an effect in the controlled environment of an accelerator experiment?
• Is this mainly ν µ → ν τ or ν s (or some combination)?
• Is there any ν µ → ν e component?
• What is the ∆m 2 ?
It is possible to be sensitive to the moderate ∆m 2 's indicated by the atmospheric neutrino deficit through "long baseline" experiments. In the near future, beams will be built at accelerator facilities with E ν ∼ 1 − 10 GeV which point to detectors at distances of hundreds of kilometers. This opens a new era of tests of neutrino oscillations in the atmospheric region, with entirely different systematics from the previous experiments.
The sensitivities of two long baseline experiments which are approved to run in the near future are shown in Fig. 21 . The K2K experiment, which uses a 250 km baseline from KEK to the Super K detector, will begin taking data in 1999. The MINOS experiment, with a 730 km baseline from FNAL to Minnesota, will begin taking data in 2002. The 90% CL expectations for ν µ disappearance are shown in Fig. 21 .The MINOS experiment has both a "standard" and "low energy" beam configuration, as indicated by the two lines. Each of these experiments has a near detector to measure the initial beam flux. The far detectors are sensitive to ν µ disappearance and ν e appearance. The K2K experiment is sensitive to the full Kamiokande allowed region. 40 If the three generation mixing scenario with ∆m 2 ∼ 0.3 eV 2 ν µ → ν τ oscillations is correct, then K2K will see a deficit. The MINOS "standard beam" configuration covers the region where all of the atmospheric experiments overlap at greater than 5σ. Full coverage of the Super K region is obtained with the "low energy" beam configuration.
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CERN is in the process of planning an extensive long baseline program using a beam directed to the Gran Sasso facility. The richness of this program lies in the diversity of detectors, addressing important issues of systematics and allowing both appearance and disappearance studies. The ICARUS experiment has been approved and is presently under construction. The 600 ton liquid argon calorimeter, to be completed in 2000, will be sensitive to ν µ disappearance and ν e appearance. 42 The NOE experiment, consisting of scintillating fibers alternating with TRD detectors, also will have ν µ disappearance and ν e appearance capabilities.
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The AQUARICH experiment proposes a 27-kton water target/ring-imaging Cerenkov detector, allowing a search for ν µ disappearance. 44 The baseline from CERN to the Gran Sasso is 740 km. Various beam energy options are under discussion.
Perhaps the most exciting future possibilities lie with experiments which can detect τ 's produced in ν µ → ν τ oscillations. Observation of a significant signal would be decisive. The most promising detector technology for τ identification is emulsion. Using a beam dump neutrino source, the DONUT ("Discovery Of the NU Tau") Experiment at FNAL recently identified several ν τ interaction candidates, thus possibly providing the first direct observation of ν τ and also demonstrating the capability of hybrid emulsion detectors.
45 A candidate ν τ event is shown in Fig. 22 . The MINOS experiment using the FNAL beam and the OPERA experiment using the CERN beam are considering running with ∼ 1 kton emulsion detectors. Using MINOS as an example, one would expect 7 events at ∆m 2 = 1 × 10 −3 eV 2 in two years of running with the standard beam configuration.
The TOSCA experiment at CERN is a proposed short baseline emulsion experiment. This experiment is exploring ν µ → ν τ oscillations in the high ∆m 2 region. It was originally motivated by the hot dark matter neutrino scenario. If TOSCA were to observe oscillations in the ∆m 2 > 1eV 2 and small mixing angle region, this would render ν µ → ν s the most likely explanation for the atmospheric neutrino deficit. TOSCA will have sensitivity down to ∆m 2 ∼ 0.4 eV 2 region, also allowing this experiment to investigate three-generation mixing models incorporating the atmospheric result, such as the one proposed by Thun and McKee (see section 4).
Future Tests of the LSND Signal
The issues related to the LSND signal are:
• Is the signal due to oscillations?
• What is the sin 2 2θ?
At this point enticing signals have been seen in three types of experiments exploring this channel (see section 2). What is required at this point is an experiment which definitively covers the entire LSND allowed region at > 5σ and which can accurately measure the oscillation parameters. BooNE (Booster Neutrino Experiment), which has been approved at FNAL, will be capable of observing both ν µ → ν e appearance and ν µ disappearance. The first phase, MiniBooNE, is a single detector experiment designed to obtain ∼ 1000 events per year if the LSND signal is due to ν µ → ν e oscillations. This establishes the oscillation signal at the ∼ 8σ level. The second phase The solid (dashed) curve is the 90% CL (5σ) region using the energy fit method and the dashed-dot curve is the 90% CL region using the total event method.
of the experiment introduces a second detector, with the goal to accurately measure the ∆m 2 and sin 2 2θ parameters of observed oscillations.
The MiniBooNE experiment
46 (phase 1 of BooNE) will begin taking data in 2001. The detector will consist of a spherical tank 6 m in radius. An inner structure at 5.5 m radius will support 1220 8-inch phototubes (10% coverage) pointed inward and optically isolated from the outer region of the tank. The vessel will be filled with 769 ton of mineral oil, resulting in a 445 ton fiducial volume. The outer volume will serve as a veto shield for identifying particles both entering and leaving the detector, with 292 phototubes mounted on the support structure facing outwards. The first detector will be located 500 m from the Booster neutrino source. The neutrino beam, constructed using the 8 GeV proton Booster at FNAL, will have an average beam energy of approximately 0.75 GeV.
The sensitivity to oscillations can be calculated by summing over energy or by including energy dependence in the fit. As shown in Fig. 23 , both the summed analysis and the energy-dependent analysis extend well beyond the LSND allowed region at 90% CL. Also shown is the region where MiniBooNE will see a 5σ or greater signal above background and make a conclusive measurement, which again extends well beyond the LSND signal region.
Conclusions
The results which were presented in parallel session 2 on neutrino oscillations are both exciting and confusing. The three hints for neutrino oscillations -solar, atmospheric and LSND -are all at the edge of being conclusive. If confirmed, this would mean that neutrinos have mass and that lepton number is not completely conserved -thereby changing our understanding of the Standard Model. Yet we cannot explain why there should be three significantly different ∆m 2 regions. Nor do we understand the large mixing angles. We may be observing oscillations to an entirely new particle, the sterile neutrino. Many new measurements are planned or underway and have the goal to tell definitively if any of the hints are indeed associated with neutrino oscillations. There is much left to learn before we agree on the answers to the questions presented at ICHEP'98. But one thing is without question: these are exciting times for physics!
